The spontaneous imbibition of liquid in nanopores of different roughness is investigated using coarse grain molecular dynamics (MD) simulation. The numerical model is presented and the simplifying assumptions are discussed in detail. The molecular-kinetic theory introduced by Blake is used to describe the effect of dynamic contact angle on fluid imbibition. The capillary roughness is modeled using a random distribution of coarse grained particles forming the wall. The Lucas-Washburn equation is used as a reference for analyzing the imbibition curves obtained by simulation. Due to the statistical nature of MD processing, a comprehensive approach was made to average and smooth the data to accurately define a contact angle. The results are discussed in terms of effective hydrodynamic and static capillary radii and their difference as a function of roughness and wettability.
Introduction
The wetting of solid surfaces controls many processes in both industry and nature. The frame of this work is a better understanding of the mechanisms related to the migration of a fluid in porous media, such as oil in reservoir rocks. If the porous media is exposed to a fluid with an effective contact angle smaller than π/2, the fluid will spontaneously imbibe into the pores. When the matrix pores and pore throats are small, the capillary forces dominate. In general pore surfaces are rough enough to induce capillary forces different from those expected from studies carried out on nonporous flat surfaces. [1] [2] [3] In this study we investigate how roughness influences the rate of imbibition in porous media. [4] [5] [6] Since the geometrical complexity of a natural pore structure is difficult to address, we consider here the simplified case of a single capillary of diameter ∼10 nm with a roughness of size comparable to the size of the fluid molecules. In our study we consider the case when imbibition is affected but not prevented by roughness (no transient pinning phenomena).
Capillary imbibition results in the motion of the meniscus formed between the liquid and its vapor and attached to the wall by a contact line. The apparent contact angle between the meniscus and the wall measured on rough surfaces depends on the surface roughness 1-3 and the contact line dynamics. [7] [8] [9] The effect of dynamic contact angle on capillary imbibition remains a subject of permanent interest. [10] [11] [12] [13] [14] The fundamental mechanisms involved in the moving contact line dynamics have been recently reviewed by Blake, 15 who compared a number of concurrent models based on hydrodynamics and molecular kinetics. While these models yield to semiempirical and phenomenological description a comprehensive analysis of the process remains to be undertaken.
At the macroscopic scale fluid imbibition in capillaries is described by the Lucas-Washburn equation, which is based on Stokes equations of momentum. Experimental works [16] [17] [18] [19] [20] [21] [22] carried out using nanocapillaries support the validity of the LucasWashburn equation used as an ansatz to our study. Though Lucas-Washburn and Stokes equations can be applied down to nanoscales 20-26 they can not describe behavior of individual molecules, therefore statistical approach naturally applies when considering processes at micro-and nanoscales. 7 Efficient and widely used tools to study such systems are molecular dynamics (MD) 24-40 and lattice Boltzmann. [41] [42] [43] [44] [45] *To whom correspondence should be addressed. E-mail: mstukan@ slb.com.
(1) Wenzel, R. N. Ind. Eng. Chem. 1936, 28, 988-994. Despite the fact that the influence of roughness on a shear flow has been investigated in detail by means of MD 38, 46, 47 and there are analytical results on the influence of regular capillary wall texture, 48 the impact of random roughness on the imbibition dynamics was not addressed to the best of our knowledge and justifies the present study.
Theory
It is well-known that fluid spontaneously imbibes into a lyophilic capillary. If we assume that (1) in small channels viscous and capillary forces are dominant, the relaxation of the velocity profile toward a Poiseuille flow (steady-state viscous laminar flow under a fixed pressure drop) is almost instantaneous, thus all inertial effects as well as the effects related to the meniscus formation can be neglected; (2) there is no slip near the capillary wall; (3) effects on velocity profile associated with the finite length of the tube and the presence of a meniscus are negligible; (4) the hydraulic resistance of the vapor phase is infinitely small; (5) liquid is incompressible; and (6) the contact angle is constant during the motion, then the rate of liquid penetration can be obtained from the Poiseuille equation
where l is the distance from the meniscus to the capillary entry, η is the dynamic viscosity of the fluid, ΔP is the pressure drop, and R D is an equivalent hydrodynamic radius of the capillary. In case of an open-end tube and no gravity
where γ is the fluid surface tension, θ e is the contact angle at equilibrium, and R V is the volumetric (static) radius of the capillary (R V (S/π)
, where S is the capillary cross section). The solution of eq 1 is classical Lucas-Washburn equation [49] [50] [51] 
Here l(0) is the initial position of the meniscus at time t = 0 and R = R D 2 /R V . 16 In an ideally smooth capillary and in the case of no slip boundary condition R = R D = R V , for rough capillaries, this is not true any more.
Equation 3 was obtained with simplifying assumptions. Since the saturated pressure of typical hydrocarbons at moderate temperature is very small the vapor resistance can be safely neglected compared to the driving capillary pressure gradient (assumption number 4). All the effects associated with a possible slip can be taken into account through R D , as shown by Dimitrov et al. 36 The assumptions about velocity profile relaxation, absence of inertia and gravity, finite size of the capillary and fluid incompressibility are discussed in detail later. In general the dynamic contact angle depends not only on the velocity of the moving contact line, but also on nonlocal hydrodynamic effects. 52, 53 However, in our case [nano scales, low Reynolds and Weber numbers (Re ∼ 0.01, We ∼ 0.001)] the variation of contact angle during the motion can be considered as a simple function of the meniscus velocity, dl/dt, i.e., θ = f(dl/dt). For this purpose the classical Lucas-Washburn equation (eq 3) is modified by substituting a velocity-dependent dynamic contact angle θ for θ e in eq 2. Among the several expressions proposed in the literature for f(dl/dt),
15,54-60 we follow the molecular-kinetic theory approach suggested by Blake. 61 According to this theory the macroscopic behavior of the moving wetting line depends on the overall statistics of individual displacements of molecules in its vicinity. The velocity of the moving wetting line depends on the frequency of molecular displacement, K 0 , and the average length of such displacement, λ. In the simplest case, λ is of the order of the distance between adsorption sites on the solid surface. The driving force for the motion of the wetting line is a nonequilibrated surface tension force γ(cos θ e -cos θ). Eyring's activated-rate theory for transport in liquids provides dl dt ¼ 2K 0 λ sinh γλ 2 ðcos θ e -cos θÞ
where k B is the Boltzmann's constant and T is the temperature.
For small values of the argument of sinh (when the deviation of the contact angle from its equilibrium value is not too large) eq 4 can be linearized to
where
) is a coefficient of so-called "wetting line friction," which depends on both fluid viscosity and liquid solid interaction. 62 Since in the beginning of the motion the moving meniscus is almost flat, the linearization works better for weakly wetting surfaces where the value of equilibrium contact angle is close to π/2. Substituting in eq 2 cos θ e by its dynamical equivalent (eq 6) one obtains 
here P 2 = ξ/(γ cos θ e ), P 3 = 4η/(Rγ cos θ e ). With the initial condition l(0) = P 1 , eq 8 has the exact solution
In case of P 2 = 0, eq 9 tends to the classical Lucas-Washburn equation. All the effects related to the dynamic contact angle depend on the ratio P 2 /P 3 = Rξ/4η. The parameters P 1 ,P 2 ,P 3 can be obtained from the fitting of the simulation data with eq 9.
To calculate cos θ e , let us rewrite eq 8 as
Then, taking into account ξ = P 2 γ cos θ e from eq 6 one obtains
Eliminating dl/dt from eqs 10 and 11 gives cos θ ¼ lðtÞ cos θ e lðtÞ þ P 2 =P 3 ð12Þ
This equation can be used to determine cosθ e by fitting the simulation data using previously calculated P 2 and P 3 .
Model
In this study we considered the processes of spontaneous imbibition of dodecane into horizontal capillaries/pores of approximately 10 nm in diameter and up to about 100 nm length. We used the coarse-grained model suggested by Marrink et al. 63 ,64 for which one simulation particle represents few methylene (CH 2 ) or/ and methyl (CH 3 ) groups. We assumed that the fluid in the simulation corresponds to dodecane (one dodecane molecule is represented by three coarse grained (CG) particles connected by elastic bonds) under normal conditions (T = 300 K and P = 1 atm).
For the simulation the ESPResSo package 65 was used. The spatial interaction between CG particles i and j separated by the distance r, is described by a spherically truncated and shifted Lennard-Jones (LJ) potential
The parameter σ ij , which defines the effective minimum distance between particles i and j, was set to 1 for all pair interactions and corresponds to 0.47 nm in SI units. The cutoff radius is set to r c = 1.2 nm = 2.553191σ. The interaction parameter ε ij depends on the types of particles involved in the interaction. For oil-oil volume interactions ε oo = 3.4 kJ/mol = 1.36309k B T. The strength of pair interactions between oil particles and particles forming the capillary walls, ε ow , was a variable in our study. Hereafter, all lengths are quoted in σ units and energies in k B T units, if not specified otherwise.
Bond interaction between neighboring beads along the hydrocarbon molecule was modeled by the harmonic potential
The chain stiffness was modeled by a cosine square bond angle potential
where ϑ is the angle between two consequent bonds along the chain. The values of constants in eqs 15 and 16 were set to K bond = 1250 kJ/mol/nm 2 and K R = 25 kJ/mol. All particles are considered to be uncharged. Each dodecane molecule is represented by 3 coarse grained beads, thus the mass of each coarse grained particle is 56.78 amu (considered as a unit mass, m, in our simulation).
The temperature of the liquid was kept constant at T = 300 K using the standard dissipative particle dynamics (DPD) thermostat 66-68 with a friction parameter ζ set to 0.1 and a step-functionlike weight function with a cutoff equal to r c .
The equations of motion were integrated with the standard velocity Verlet algorithm 69 with a time step
1/2 is the basic time unit). Fluid Properties. The following values for physical parameters of the fluid were obtained.
Density and Compressibility. A simulation in the isothermal-isobaric ensemble (NPT) was performed to calculate the isothermal compressibility β and bulk density F bulk of the simulated hydrocarbons. The simulation system contained 10000 hydrocarbon molecules (30 000 CG particles). The isothermal compressibility β calculated from the volume fluctuations 70 (β = 14.2 Â 10 -10 Pa ) and matches the experimental value (744 kg/m 3 ) reasonably well. Surface Tension. The surface tension was obtained from the anisotropy of the pressure tensor P Rβ during simulation (in canonical ensemble (NVT)) of a slab of liquid dodecane in thermodynamic balance with the vapor phase
z corresponds to the direction perpendicular to the slab, and the simulation box has size
To check the occurrence of any finite size effect, the measurements were performed for two systems. Simulation box of size 25σ Â 25σ Â 40σ (system contained 9999 CG particles) and simulation box of size 50σ Â 50σ Â 100σ (system contained 120 000 CG particles). To check that the presence of liquid-vapor boundary does not create any undesirable artificial density reduction of the liquid phase, we have checked the density profiles across the simulation box. The transition regions between vapor and fluid phases are very narrow. This observation corresponds well with the fact that saturated vapor pressure of dodecane is very small (∼20 Pa at T = 300 K).
Time Unit. While such variables as density, length scales, temperature, pressure, and energy keep their physical meaning in the coarse grained system, it is not exactly the case for the time scale. The dynamics of processes in coarse grained systems is usually faster in comparison to fully atomistic description due to reduction in degrees of freedom and the elimination of fine interaction details.
One method to match the simulation time and the real time is to analyze diffusion in the system and thus obtain the scale of the time axis by matching simulation and experimental values of the diffusion coefficients.
During the NPT simulation used for calculation of the density and compressibility the mean squared displacement, AEr 1/2 ≈ 2.24 ps. Thus, one simulation time unit corresponds to 2.2-2.3 ps of real time. In order to link the simulation data to the real physical units τ = 2.3 ps was used. As a result, the simulated fluid viscosity, measured by the shear rate method, 72 was found to be η = 0.972 ( 0.2 mPa s, which is of the same order of magnitude as the experimental one (η = 1.314 mPa s).
Capillaries. In order to build rough capillaries we confined a melt of random AB-copolymer (6-mer with the average A:B ratio equal to 4:1) between two concentric cylinders of radii 12σ and 17σ and 200σ length. The monomer units of type A were allowed to trespass the inner wall, while the monomer units of type B remained constrained between the cylindrical boundaries. After equilibration the melt was frozen resulting in a specific roughness of the capillary. All particles not connected to the capillary wall were then manually removed from the system. Afterward, to reduce the number of particles in the simulation all the particles for which the distance, d, from the capillary central line was more than 15σ were eliminated. As a result of these treatments, the "initial" capillary of length L = 200σ was created.
Particles in the capillary walls are in nonordered glassy (frozen liquid) state. The wall particles were fixed to keep the roughness constant during the run (the similar approach was used by Gelb and Hopkins
24
). In order to check a possible effect of the thermal agitation of the wall particles, a few test simulations were evaluated with both dynamic and static walls. No discernible differences in rising dynamics were noticed, consistent with the observations of other authors.
33,40
The capillary roughness, R , is the main characteristic we are interested in. The definition of roughness proposed by Wenzel, 1 according to which R = (actual surface/geometric surface), is not applicable in our case due to the complex shape of the roughness (random roughness) and discrete structure of the surface (the way to calculate the "actual surface" in such circumstances is not clear). We used the root-mean-square roughness definition, which is commonly used in surface science
Where d i s is the shortest distance from the capillary central line to the wall particles in the ith bin; AEd i s ae is the average distance, and N is the total number of bins. In the case of a cylindrical capillary the size of the bin is defined by the slice thickness and the arc length (see inset in Figure 1 ). The latter depends on the distance from the center.
Although the value of roughness depends on the bin size used for the calculations of d i s , in certain interval of bin sizes, b, roughness is nearly constant (see Figure 1 ) illustrating a fractal behavior of the surface.
We have chosen the bin size to be 4σ Â 4σ, which corresponds to the plateau region for R ðbÞ dependence, and also was used in experiments on nanoroughness. 74 The capillary was divided into 20 angular segments and cut into slices of width equal to 4σ. In the case of 20 segments, the segment arc length is equal to 4σ at d ≈ 12.73σ. This distance is in the region where the radial density profile of the wall particles approaches the plateau corresponding to the bulk wall density (∼0.9) (see inset in Figure 2) .
The roughness of the initial capillary was found to be 1.002σ. Capillaries of different roughness were obtained by "polishing" the inner surface of the initial capillary. This has been done by eliminating the particles located closer than a defined distance from the central line. With this method smoother capillaries with roughness equal to 0.805, 0.574, 0.375, and 0.145 were created covering a range from significantly rough to almost perfectly smooth (see Table 1 ). These capillaries have length equal to 200σ and are referred to as "long".
Since we expect the imbibition data for rough capillaries to be rather noisy, in order to increase the statistics we performed additional simulations using capillaries of half length of the original ones, except for the smoothest one. Reducing the capillary length by two reduces the imbibition time by four, allowing the production of many more statistical samples. Two separate sets of short capillaries were created. The first one was obtained by removing the downstream half of the long capillaries (these capillaries are referred to as "short"). The second set was built using the middle sections of the long capillaries (from 30σ to 130σ). These capillaries are referred to as "shifted". This has been done to eliminate possible bias due to particular features of roughness. Roughnesses of short capillaries differ slightly from the long ones: the "short" set roughness values are 0.381, 0.578, 0.806, and 1.015, and the "short-shifted" set values are 0.348, 0.544, 0.771, and 0.974.
The role of roughness may be affected by wettability. Therefore we varied the capillary wettability by means of the oil-wall interaction parameter ε ow (see eq 14). This parameter was varied between 1.10 and 1.40. The upper limit 1.40 of oil-wall interactions corresponds to the situation of a complete wetting (for oil-oil pair interactions ε oo ≈ 1.36), while for ε ow = 1.10 the contact angle is close to π/2 which marks the region of ε ow where spontaneous imbibition can take place. The relation between the interaction parameter ε ow and the equilibrium contact angle can be estimated based on the data shown in Table 3 . Hereafter we will omit the subscripts for the oil-wall interaction parameter ε ow .
The simulations for the long capillaries were performed for ε equal to 1.10, 1.20, 1.30, and 1.40. For the smoothest capillary the simulation was also performed for ε = 1.35. For the short capillaries we added cases with ε equal to 1.15, 1.25, and 1.35 in order to refine the study of wettability effects.
Simulation System. The size of the simulation box in all cases is 50σ Â 50σ Â 310σ. Simulations were performed in NVT ensemble. Periodic boundary conditions are applied in the directions perpendicular to the capillary axis. To make the system closer to the model of a rock pore, an additional plane of 5σ width perpendicular to the direction of the capillary axis was set up around the capillary entry to simulate the surface in which the pore exists. The plane was created from atoms of the same type as the capillary. The plane and the capillary are placed in the simulation box fixing the capillary entry at z = 100σ (see Figure 2) . Thus in the beginning of the simulation all the fluid particles are located in the reservoir of size 50σ Â 50σ Â 100σ. To avoid the accumulation of the fluid particles at the far end of the capillary 24,36 we have set up an open-end-capillary, with space in front of the capillary end allowing particles to evaporate. A sample cross section of the simulated system is shown in Figure 3 .
For the long (length 200σ) capillaries the simulation system contains 40 000 dodecane molecules (120 000 CG particles) and consists of about 180 000 CG particles in total (the exact value differs slightly for capillaries of different roughness, since the number of particles forming the wall is different). For the short (length 100σ) capillaries the number of dodecane molecules is reduced down to 20 000 (60 000 CG particles). The size of both systems is big enough to create a sufficient volume of bulk fluid so that the fluid in the capillary is not affected by the liquid-vapor boundary in the reservoir.
To make the runs less correlated the initial configurations used for the cases of short and long capillaries were set differently. For long capillaries we used the initial configuration with a liquid already inside the capillary at certain distance from the inlet. This also eliminates the impact of the processes taking place at the very beginning of the imbibition 31 close to the capillary inlet. This configuration was built by setting an impermeable barrier at l = 5σ limiting the further penetration of the fluid inside the capillary. The system has been equilibrated for 20000 timesteps at the given interaction parameter ε with the barrier, then the barrier was removed and the spontaneous imbibition inside the main part of the capillary began. In the case of short capillaries the initial impermeable barrier was located at l = 0σ, so that the fluid was not able to enter the capillary at all. As for the case of long capillaries, each system was equilibrated for 20 000 timesteps at a given interaction parameter ε with the presence of the barrier, then the barrier was removed and the imbibition process was monitored. Since in the simulation the wall particles were fixed, we investigated how this fact influences the fluid density profiles 75 inside the capillary. These profiles are shown in Figure 4 . A small layering near the walls is observed for smooth capillaries only (R = 0.145 and R = 0.375), the layering disappears as the roughness increases. The density of the fluid inside the capillary is close to its bulk value (0.842σ
). The profiles were obtained for particles located between 50σ and 150σ from the capillary inlet (long capillaries) and averaged over all conformations for which the meniscus level is above 150σ. The data plotted in Figure 4 are for ε = 1.40; for smaller values of oil-wall interaction, the correlations are even less pronounced.
We also checked that the fluid particles are not under influence of the external wall of the capillary (they do not come closer than the cutoff distance r c ). As one can see from the inset in Figure 4 , the number of particles behind the boundary d = 12.45σ is negligible (∼ 0.03%).
Validity of the Assumptions about the Imbibition Conditions. The following assumptions made as a frame for the derivation of the Lucas-Washburn equation (eq 3 and eq 9 are discussed below: the absence of gravity and the fluid incompressibility, the instantaneous relaxation toward the viscous regime and the finite size of the meniscus.
Absence of Gravity and Fluid Incompressibility. A virtual gravity force acting on an individual CG particle is f = mg ≈ 9.25 Â 10 [N]). It means that the effect of gravity would be noticeable for systems containing ∼10
13 particles and can be safely neglected in the current study. The same conclusion is provided by continuum fluid mechanics analysis. 76 The compressibility results in relative volume variation due to the pressure drop during the imbibition: ΔV/V = βΔP = 2βγcos θ/ R V . For a strongly wet (cos θ = 1) capillary of R V ≈ 10σ, this leads to an extension of the fluid column of about 1%. Therefore when the required accuracy is lower than 1%, the fluid can be considered as incompressible.
Transient Regime. The time for the meniscus formation, τ 0 , and the duration of the inertial regime which follows the moment of contact between the capillary and the liquid bath (after the meniscus creation), τ 1 , can be estimated 77 as τ 0 ∼ (FR 3 /8γ) 1/2 and τ 1 ∼ FR 2 /4η. For dodecane in a capillary of ∼10 nm in diameter the maximum value of the time required to reach the viscous regime is τ* = τ 0 þ τ 1 ∼30 ps, after which the Lucas-Washburn equation can be applied. It means that in our simulations the transition from inertial to viscous regime takes place almost instantaneously.
Meniscus Position and Contact Angle. In the inset in Figure 5 , the fluid density profile is plotted versus the distance along the capillary axis. At the interface between the fluid and its vapor, a transition is discernible reflecting the shape of the meniscus. Therefore the exact location and shape of the meniscus require additional analysis. In order to define the shape of the meniscus we have divided the capillary into 20 coaxial cylinders (bins) of equal volume, from the central line up to the radial distance, R θ where the contact angle is measured. For each bin the density profile along the capillary has been calculated. The location where the fluid density reaches 50% of its bulk value (F bulk /2 = 0.42σ -3 ) was considered as the liquid-vapor interface inside each bin. Thus we obtained 20 points representing the meniscus interface in the coordinate frame: distance from the capillary axis, distance from the capillary entry. We assume the meniscus to have a hemispherical shape (see Figure 5) ; therefore, the discrete interface was approximated by a circular arc. A circular arc is shown to be appropriate to fit the meniscus 14, 25, 31, 32, 37, 40 apart from a region very close to the wall where, especially in the case of a prewetting layer existence, some deviations can occur. 78 Although some traces of prewetting film were observed at high values of ε they are related to individual fluid molecules adsorbed in the roughness maze rather than constituting a continuous prewetting fluid layer. This region was omitted in data fitting.
The position of the meniscus along the capillary (l(t) in equation eq 3) was set at the intersection of the fitting arc and the capillary axis at time t. The fitting circular arc was obtained by minimization of the following residual:
where χ is the radius of the arc and χ i is the distance from the center of the arc to the liquid-vapor boundary in the ith bin. The residuals also provide information about the deviation of the meniscus from a hemispherical shape. Although the error bars are of the same order of magnitude as the values themselves, the observable trend is that the deviation is stronger for rough capillaries and for capillaries of low wettability, where fluctuations are higher ( Table 2) .
The distance from the central axis used as a reference for the measurement of the contact angle (R θ ) can be chosen arbitrarily for rough capillaries. For instance R θ may be set as the distance from the center line to the largest asperity (R b ), or it could be the average roughness distance (R av ), or the limit distance where the fluid particles start feeling the outer wall of the capillary (R cut ; those lines are shown in Figure 5 ).
For capillaries of different roughnesses R b and R av may be different. To facilitate comparison the contact angles must be measured at the same distance from the capillary axis for all cases. An additional requirement is that the angle has to be measured in the vicinity of the wall, where the roughness has influence; however it cannot be too deep inside the roughness layer where the fluid particles fill out the empty space between the asperities on the capillary wall instead of forming a continuum media. Within those constraints we have chosen R θ = 10.17σ. This distance corresponds to the average roughness of the long capillary with the highest roughness (R = 1.002σ).
For the smoothest capillary (R = 0.145σ), we used R θ = R av = 11.63σ which is noticeably larger than the previous one, simply because the capillary effective radius is larger. This mandatory distinction somewhat limits the validity of the comparisons between this capillary and the rough ones.
Results and Discussion
As the result of the simulation runs, we obtained the position of the meniscus and the dynamic contact angle as a function of time in capillaries of different roughness and wettability. The instantaneous values of the meniscus position and contact angle were calculated from the system "snapshots" according to the procedure described in the previous section. The snapshots were taken every 100 timesteps for the long capillaries and every 10 timesteps for the short ones.
As the start of the imbibition (t = 0) we considered the moment when the meniscus passes the level:
which corresponds to the positions of the impermeable barriers during the equilibration phase.
We have set the limits for the calculation of the position of the rising meniscus as:
where l c corresponds to the level where the fitting arc crosses the R θ line; this ensures that the meniscus is not affected by the capillary end.
Smoothing Data by Averaging in Classes of Roughness. Since the simulations were performed for three sets of capillaries (long, short, short-shifted) the data were averaged for close values of roughness R (e.g. 0.381, 0.375, and 0.348) and same value of wettability ε. Thus the value of any parameter A was averaged as AEAae = (1/N cap ) P i N cap A i , where N cap corresponds to the number of the capillaries used for the averaging and was equal to 1, 2, or 3 depending on the particular ε and the roughness group (3 for ε = 1.10, 1.20, 1.30, and 1.40; 2 for ε = 1.15, 1.25, and 1.35; 1 for the smoothest capillary R = 0.145). This averaged value AEAae was then subscribed to one of the five classes of roughnesses AER ae = (1/ N cap ) P i N cap R i , where N cap = 3 for R 6 ¼ 0.145; N cap = 1 for R = 0.145.
Imbibition Curves and Dynamic Contact Angle. The imbibition curves were fitted with the modified Lucas-Washburn equation (eq 9) and the contact angle dependences were fitted with eq 12. For the long capillaries, the simulation data are plotted along with the corresponding approximation curves in Figures 6-8 (the plots for the short capillaries are not displayed). The modified Lucas-Washburn equation (eq 9) perfectly fits the curves. As it can be seen in Figure 9 , the classical Lucas-Washburn equation is not able to properly describe the imbibition dynamics at the initial stage of the process. Additional information about the quality of the fit is provided in the inset in Figure 9 , where the difference Δl between simulation data and the fitting curves is displayed as a function of the penetration length. Our data support the conclusions of Martic et al. 6 that this difference is getting stronger when the interaction between liquid and solid increases and that the penetration distance where the dynamic contact angle should be taken into account is of order of Rξ/η, which for our system is in the range of 4R -9R.
The calculated values of P 2 and P 3 obtained by fitting the imbibition curves were used for approximating the dynamic contact angle data with eq 12. Although the graphs for the dynamic contact angle are very noisy (Figures 6 and 8) , reasonable fittings can be done using eq 12. Clearly the approximation of the wettability contact angle is more accurate when the advancing contact angle does not vary significantly during the imbibition (i.e., the approximation is better for smaller ε). At the same time, the simulation results for high ε can be used for estimating the scaling dependence of the contact angle θ versus time. Within the molecular-kinetic regime 31 this dependence is shown to be µ t
which provides a reasonable approximation of the simulation data (see Figure 10) .
The averaged values of P 2 , P 3 , and cos θ e are shown in Table 3 . (Individual values of the parameters for all of the capillaries considered can be found in the Supporting Information. Since the initial position of the rising meniscus was different in simulations with short and long capillaries, average values of P 1 have no meaning and are not included in Table 3 .) Curves in Figure 7 and data in Table 3 point out that the roughness slows the imbibition (as expected higher wettability increases the meniscus velocity, also visible in Figure 6 ). This complies very well with the observation that microroughness inhibits the wetting.
79,80 For t f ¥ the meniscus velocity is governed by P 3 (eq 10). The smaller the P 3 , the faster the rising. Since P 3 = 4η/(Rγ cos θ e ) where R = R D 2 /R V and the static radius is slightly larger for smooth capillaries, a side effect on the capillary imbibition may occur (not directly related to the wall roughness). To separate near-tothe-wall effects related to the roughness from the effects related to the capillary radius we consider R D and R V separately.
Volumetric Radius R V . The average volumetric radius, already defined as the "cross section" radius (S/π) 1/2 in eq 2, can be estimated from the bulk number density F bulk and the number of dodecane particles N p in the capillary of length L 0
where F bulk = 0.842. This approach was used for example by Morrow.
2 R V was calculated using the middle section [20σ: 70σ] for short capillaries and [20σ: 170σ] for long ones (averaged over 100 different configurations when the section was entirely filled by fluid). The calculated R V (Table 4) increases as the roughness decreases. Although we have found that for capillaries of the same roughness, R V is slightly larger for higher ε, the difference remaining smaller than 1%. The slight increase of the particle number in the capillary when increasing the wettability is due to a better packing and a decrease in the mobility of the particles close to the capillary wall.
Variation of P 3 cos θ e . For the capillaries belonging to the same class of roughness the product P 3 cos θ e should be constant (eq 8); however P 3 cos θ e increases with the wettability parameter (see Figure 11 ). This observation is also supported by the data of Martic et al. 31 though they did not focus on this discrepancy. The only reason for the product P 3 cos θ e to be not a constant is that between the parameters R, η, and γ, some or all vary. The surface tension γ represents the fluid properties at the liquidvapor interface and should be independent of ε. The interaction with the wall can result in a local increase of the fluid viscosity; however viscosity in the central part of the capillary should not be affected. This effect can be described by a slip over a "sticky surface layer" 81 and will affect the hydrodynamic radius of the capillary. 1% of variation of R V (see Table 4 ) can not completely explain the deviation described above. The only remaining parameter which can significantly change its value due to wettability is the hydrodynamical radius R D . It can be calculated as
Difference (R D -R V ) as a Function of Wettability, ε, and Roughness, R . In the proximity of the wall, the effects of roughness and wettability on the flow are conveniently described by the difference ΔR = R D -R V . In Figure 12 , ΔR is shown as a function of 1/ε 2 . The choice is based on the evidence 82,83 that the slip length δ depends on the wettability as δ µ 1/ε 2 , and we expect the similar dependence for ΔR. In addition the dependence of ΔR on the capillary roughness ( Figure 13) shows a linear decay 84 suggesting that the difference ΔR can be expressed as Here ΔR 0 is the asymptotic value of ΔR for ε f ¥ and R f 0 and k ε , k R are numerical coefficients. k ε = 5.07 ( 1.01 was obtained by fitting the data in Figure 12 , and k R = -1.00 ( 0.18 by fitting the data in Figure 13 . From the data it is clearly visible that the case ε = 1.40 (1/ε 2 ≈ 0.51) systematically deviates from the main patterns (during the fitting procedure the corresponding points were omitted). This case corresponds to an extreme wetting situation which requires additional investigations.
The values of ΔR 0 calculated from the simulation data for different R and ε are presented in Figure 14 . All of the data are distributed around a single line ΔR 0 = -3.60, which proves the validity of eq 24. The layer thickness of immobilized fluid one expects to have in case of ε f ¥ is equal to the interaction cutoff radius r c , ΔR 0 well corresponds to r c plus one σ of stand off showing the consistency of our fitting approach.
Wetting Line Friction Coefficient. The coefficient of wetting line friction introduced in eq 6 can be calculated from P 2 as ξ = P 2 γ cos θ e . Unfortunately, the typical P 2 error bars are quite large limiting the possibility of accurate data analysis. Nevertheless, within the frame of this uncertainty some estimates can be performed. We calculated ξ from P 2 (provided in Table 3 ) and using eq 7 from ref 62 based on molecular-kinetics theory 61, 62 approach ξ ¼ η
The average length of molecular displacement λ is estimated according to de Ruijter et al. 85 as the distance between the centers of the first and the second layer near to the capillary wall. In our case λ is about 0.95σ (see Figure 4) . The results are rather dispersed, however the simulation data and the values obtained from eq 25 show similar trend and are in quantitative agreement (see Figure 15) . In both cases ξ clearly increases with the increase of the wettability. Intuitively one also expects ξ to increase with roughness resulting in a regular and ordered vertical spread of data for each value of wettability, which is suggested but not firmly demonstrated due to the poor data precision on P 2 . The comparison of the simulation and the theory looks very promising and can be consider as an additional support for the validity of the molecular-kinetic theory.
Conclusions
In this study an extensive investigation of the effect of capillary wettability and roughness on the imbibition dynamics was carried out by molecular dynamics simulation. The capillary rise of a fluid can be perfectly represented by the LucasWashburn equation modified to take into account the dynamic contact angle, which was described using the molecular-kinetics theory. 
